Introduction
Uranium (U) is a long-lived naturally occurring radionuclide which is both chemo and radio-toxic. Its concentration in European radioactive waste repositories, resulting in locally high uranium concentrations [3] .
Research focusing on evaluating the mobility of this element and on finding bioremediation processes has been conducted on a worldwide-scale [4] . Importantly, some laboratory experiments have already demonstrated the utility of certain bacteria for reducing uranium mobility. In oxic environments, bacteria may interact directly with uranium through biosorption at the cell surface or by intracellular bioaccumulation, or indirectly through modification of surrounding geochemical conditions, leading to precipitation of U [5, 6] . However, the viability of bacteria in these processes is rarely considered, although this factor could be critical to the success of long-term bioremediation applications.
It has already been shown that highly contaminated environments act as potential reservoirs suitable for the isolation of U-resistant bacteria [7, 8] . In a previous work, we examined a set of 50 bacterial strains isolated from a radioactive waste repository in the Chernobyl exclusion zone [3] . From this screen, we selected a strain affiliated to the genus Microbacterium, which is able to survive U(VI) exposure. Previous reports on U(VI) interaction with Microbacterium strains revealed their ability to interact with up to 500 M of UO 2 (NO 3 ) 2 [9] . Members of this genus have been detected in radioactive waste contaminated areas or in naturally U-rich soils [10] [11] [12] , and are thus good candidates to study the interactions of cells with U. Moreover, some Microbacterium species exhibit interesting features such as polymetal resistance [13] and have been proposed for bioremediation applications [14] .
The goal of this work was to identify interaction mechanisms employed by living Microbacterium sp. A9 strain cells exposed to a range of U(VI) concentrations. To distinguish active from passive mechanisms, we varied the experimental temperature, as it influences the activity of bacteria. The survival rate of bacteria was assessed, in addition to the quantification of U(VI) removal and phosphate release. Finally, the localisation and the speciation of U that interacted with the cells were analysed by microscopic (TEM-EDX) and spectrometric approaches (ATR-FTIR and TRLFS).
Material and methods

Bacterial strain
The strain Microbacterium sp. A9 3 sp3 12 (referred to here as Microbacterium sp. A9 strain) was isolated from Chernobyl trench T22 soil [3] , a contaminated waste storage site located near the Chernobyl nuclear power plant [15] . The strain was routinely cultivated in 0.1 × Tryptic Soy Broth (TSB, Difco Laboratories) at 32 • C with shaking.
Uranium exposure
The Microbacterium sp. A9 strain was cultivated in 0.1 × TSB medium until the exponential growth phase, and cells were harvested by centrifugation for 10 min at 5000 g. From this stage on, the samples were maintained either at 4 • C or at 25 • C throughout the experiment. The cell pellets were washed twice in 0.1 M NaCl and were re-suspended at about 6 × 10 9 bacteria mL −1 in 0.1 M NaCl pH 5 with 0, 10 or 50 M U(VI). U(VI) was added as uranyl nitrate UO 2 (NO 3 ) 2 ·6H 2 O (Sigma-Aldrich) from a 7.51 mM stock solution in 0.016 M HNO 3 . The nitrate concentration was adjusted to 0.416 mM by adding NaNO 3 when needed. Speciation of 10 and 50 M U(VI) in the exposure media at 25 • C or 4 • C was simulated using Visual MINTEQ (ver. 3.0).
Bacteria exposed to U(VI) were incubated with shaking at 25 • C or 4 • C. Triplicates were made for each condition. Aliquots were taken after 0.5, 2, 4, 6, 10 and 24 h. Blank controls without bacteria were performed to exclude abiotic uranium removal from the exposure solution.
Uranium and phosphate quantification
The samples were centrifuged at 8000 g for 5 min. U in the supernatant was analysed by inductively coupled plasmaatomic emission spectrometry (ICP-AES Optima 4300DV, PerkinElmer).
Inorganic phosphate (Pi) in the supernatant was quantified by colorimetric measurements, using the molybdophosphoric acid blue method [16] . Potassium dihydrogen phosphate solutions were used as standards. All measurements were performed at 25 • C in a 96-well microplate and recorded at 720 nm.
Bacterial viability
Aliquots of cell suspensions taken at 0.5 and 24 h were diluted in 0.1 × TSB and spread on 0.1 × TSB agar plates. Colony Forming Units (CFUs) were counted after 24 h at 30 • C.
Microscopy (TEM-EDX) analysis
Bacterial cell pellets were fixed in sodium cacodylate buffer (0.1 M, pH 7.4) supplemented with 2.5% glutaraldehyde. After 24 h at 4 • C, the samples were washed three times with sodium cacodylate buffer and post-fixed in the same buffer containing 1% osmium tetroxide (OsO 4 ) for 1 h. The samples were dehydrated through a graded ethanol series, and finally embedded in an Epon 812 resin. All chemicals used for histological preparation were purchased from Electron Microscopy Sciences. Samples were cut in ultra-thin sections using a UCT ultramicrotome (Leica Microsystems GmbH). Sections were then mounted on copper grids and examined with a Scanning Transmission Electron Microscope (TEM/STEM; Tecnai G 2 Biotwin, FEI) equipped with a CCD camera Megaview III (Olympus Soft Imaging Solutions GmbH). At least 200 images were analyzed for each condition. The localization of U was conducted using a Phoenix Energy Dispersive X-ray analyzer (EDAX Inc.), equipped with a Super Ultra-Thin Window model sapphire detector with a counting time of 100 sec.
Time-resolved laser-induced fluorescence spectroscopy (TRLFS)
Since the temperature of the TRLFS analytical design could not be controlled, only samples that were exposed to 25 • C were analyzed. Cell pellets were washed five times with ultrapure water to remove labile U and to avoid fluorescence quenching linked to the presence of Cl − ions. Cell pellets were re-suspended in ultrapure water and transferred to a 96-well black quartz microplate for analyses. A pulsed laser (Continuum Minilite; 5 ns/pulse, 10 Hz) with an emission wavelength of 266 nm was used for excitation. The fluorescence emission was collected with an optical fiber and the intensity was recorded from 376 to 669 nm using a monochromator and a CCD camera (Spectrophotometer Andor Technology SR-303i-A) with a spectral resolution of 0.14 nm. The time-resolved spectra were recorded between 1 and 96 s; a step width of 0.5 s was used from 1 to 6 s, and a step width of 5 s was used from 6 to 96 s, with a gate width of 20 s. One hundred laser flashes were accumulated for each spectrum. Lifetimes were calculated as described in Vercouter et al. [17] . For a reference, U-phosphate complex (UO 2 (H 2 PO 4 ) 2 ) was prepared by mixing UO 2 (NO 3 ) 2 (1 mg L −1 ) with H 3 PO 4 (0.5 M).
Attenuated total reflection fourier transform infra-red spectroscopy (ATR-FTIR)
The cell pellets were washed with ultrapure water and were deposited and dried on the ATR surface (a 9 bounce diamond microprism with a 4.3 mm surface diameter and ZnSe optics; SensIr Technologies) to avoid background absorption from water. All infrared spectra were recorded with a 4 cm −1 resolution in the 4000-400 cm −1 range, using a Bruker IFS28 FTIR spectrometer equipped with a DTGS detector (SensIR ATR Setup). Two spectra were acquired for each condition. Typically, 300 scans were accumulated for each spectrum.
Statistical analyses
All statistical analyses were performed with R software [18] . Results of cell viability and Pi release were analyzed by ANOVA, after checking assumptions of normality and variance homogeneity of residuals. Alpha levels were ≤0.05 (*) and ≤0.001 (**). Data were presented as mean ± standard deviation of the mean.
Results
U(VI) speciation in the exposure media
As no precipitate was observed during the preparation of our exposure media, precipitation has been excluded from the simulations of U(VI) speciation. U(VI) was mainly present as bioavailable forms (UO 2 2+ and UO 2 OH + ) ( Table 1 ) [19] . At 50 M, bioavailable U(VI) forms constituted 60% (at 25 • C) and 80% (at 4 • C) of the soluble U(VI) forms, whereas they constituted 86% (25 • C) and 94% (4 • C) at 10 M.
Bacterial viability upon U(VI) exposure
No mortality was measured in the controls without U(VI) after 24 h at 4 • C and 25 • C, indicating that bacteria remained viable during the experiment (Fig. 1) . Similar results were obtained for the samples incubated at 4 • C with both U(VI) concentrations and the samples incubated at 25 • C with 10 M U(VI). In contrast, incuba- Table 1 Simulation of U(VI) speciation in the exposure solutions. tion at 25 • C in the presence of 50 M U(VI) led to 61% mortality after 24 h.
Sequestration by Microbacterium sp. A9 strain
The kinetics of U(VI) removal from the exposure solution by bacterial cells was determined by measuring U content in the supernatant (Fig. 2) . Abiotic controls showed that U(VI) remains soluble within the 24 h exposure in all conditions and confirmed that U(VI) removal resulted exclusively from biotic interaction. Within the first 30 min of exposure at 50 M U(VI), 78% of the initial amount of U(VI) was removed from the supernatant at both temperatures (Fig. 2B) . Then, U(VI) removal reached an apparent equilibrium at 4 • C, whereas it continued at 25 • C. The proportions of U(VI) removed from the supernatant after 24 h were 94% and 86% at 25 • C and 4 • C, respectively.
At 10 M U(VI), a rapid metal removal corresponding to more than 90% of the total U(VI) took place within the first 30 min at both temperatures ( Fig. 2A) . After this step, great differences were observed between the two temperatures. At 4 • C, U(VI) removal ceased and the system remained stable until the end of the experiment. By contrast, U(VI) release in the exposure medium at 25 • C was observed between 0.5 and 4 h, followed by a slow U(VI) removal that finally resulted in a total accumulation of 86% U(VI) after 24 h. 
Pi release during U(VI) exposure
We measured Pi content in all supernatants, since its release by cells can strongly influence U speciation and solubility. At 4 • C, a constant and low quantity of Pi (7.4 ± 0.76 M in average) was measured in the supernatants and no statistically significant differences were found between the control samples without U(VI) and samples exposed to 10 M U(VI) (Fig. 3A) . However, for an unexplained reason, in the control samples, this amount was high compared to that observed at 25 • C at the beginning of the incubation. Nevertheless, strong differences appeared at longer time of incubation. For cells exposed to 50 M U(VI), the Pi concentration values were always significantly lower than in the other conditions and showed a strong decline during the incubation. At the end of the experiment, the Pi concentration was 7-fold lower (1 M) than in the control samples.
At 25 • C (Fig. 3B) , an increase in Pi content was observed over the time-course of the experiment for all conditions, yet to different extents. The maximum Pi release occurred for cells exposed to 10 M U(VI), with the exception of the 24 h time point, where the highest value was measured in the control sample (43 M). In the 50 M U(VI) condition, Pi concentrations exhibited values 2.5 to 4-fold lower than in the other conditions after 6 h of exposure.
Microscopic observations of U(VI)-exposed cells
TEM-EDX analysis revealed needle-like structures inside the bacteria that contain U (Fig. 4) . These structures were detected exclusively in the samples incubated at 25 • C and exposed to U(VI) for at least 6 h, and their size increased as a function of time. EDX analysis revealed that U in these structures co-localised mainly with phosphorus (P) and calcium (Ca).
Analysis of U speciation with TRLFS
U speciation was analyzed by TRLFS on bacterial cells exposed to both U(VI) concentrations at 25 • C for 0.5, 6 and 24 h. Information regarding possible U species can be determined by analyzing both the static emission fluorescence spectrum band position and the time-resolved fluorescence decay. The emitted signal recorded for the cells exposed to 10 M U(VI) was too low. The two spectra recorded for cells exposed to 50 M U after 6 and 24 h of exposure were characterized by emission maxima at 494, 516 and 539 nm (Fig. 5) . Two additional important shoulders, characterized by emis- • C (A) and 25
• C (B). sions at 503 and 523 nm, were recorded for cells exposed for 24 h. Spectra of cells exposed for 0.5 h exhibited a low signal-to-noise ratio with poorly resolved emission peaks, although they followed the same trend observed in the other spectra.
The emission maxima of exposed cells coincide with those of our U-phosphate reference complex (Fig. 5: spectrum (A) , 494, 516, 539, and 565 nm). However, the construction of a convoluted spectrum based only on the presence of the U-phosphate complex and background noise indicates that a second compound with emission maxima corresponding to those of autunite ( Fig. 5 : spectrum (B), 503, 523, 547 and 573 nm) must be considered. The percentage of autunite needed to fit the spectra of exposed cells increased with exposure time to U(VI). After 6 h of exposure to U, the spectra could be explained by 6% autunite, 34% U-phosphate complexes and 61% background noise, whereas after 24 h of exposure, these values were 15, 45 and 40%, respectively.
Luminescence lifetime analyses of the exposed cells did not reveal any differences according to exposure time. All data fit well with a bi-exponential decay curve, confirming the presence of two luminescent species, with first lifetime values of 29.9 ± 5.4, 34.4 ± 4.3 and 32.6 ± 3.1 s and second lifetime values of 2.0 ± 0.7, 3.5 ± 1.8 and 2.3 ± 0.4 s after 0.5, 6 and 24 h of exposure to U(VI), respectively. These lifetime values were slightly shorter than those for autunite (105 and 18 s) and the U-phosphate complex (94.6 ± 3.6 and 3.1 ± 0.9 s), probably due to the presence of fluorescence quenchers in bacteria [20] .
Analysis of U coordination by ATR-FTIR
We further investigated the functional groups involved in U(VI) complexation by recording ATR-FTIR spectra of non-exposed bacteria (control) as well as bacteria exposed to 10 and 50 M U for 0.5, 6 and 24 h at both temperatures. For the 10 M condition, the signal was too low. The results in Fig. 6 are presented as difference spectra, i.e. absorption spectra of the bacteria exposed to 50 M minus absorption spectra of the non-exposed bacteria. The spectra of control and exposed cells were calibrated using the main absorption bands of proteins (referred to as Amide I and Amide II bands) to calculate the difference spectra. In these spectra, positive and negative peaks represent vibrational modes of functional groups that undergo changes due to U complexation. This approach primarily revealed a temperature dependence of the difference spectra, as well as spectral changes in response to exposure time at 25 • C. At 4 • C (Fig. 6A) , spectra exhibited only a slight evolution with exposure time. belonging to various cellular components [21, 22] . The bands at 1570 and 1400 cm −1 are assigned to the asymmetric and symmetric vibrations of carboxylate groups ( as and s (COO − )), suggesting that uranyl is coordinated by carboxylate groups in the cells at 4 • C. In addition, IR bands between 1300 and 1000 cm −1 correspond to bands of phosphoryl or phosphate groups [22, 23] , showing that these groups may also be involved in uranium binding at 4 • C.
In contrast, the spectra differ significantly at 25 • C (Fig. 6B ) with respect to exposure time. The spectrum recorded after 0.5 h of cell exposure to U(VI) at 25 • C was similar to the spectrum recorded after the same exposure time at 4 • C. This indicates that similar chelation processes occurred shortly after U(VI) exposure at both temperatures, and that these processes involve carboxylate groups as well as phosphoryl or phosphate groups. The bands Proposed mechanism of interactions between U and the Microbacterium sp. A9 strain. Grey, black and white arrows indicate a passive, active, and an active or passive mechanism, respectively. Proposed scheme: (1) uranium enters the cell by a direct or indirect way; (2) uranium release is processed either under the U(VI) form or (2 ) the U-Pi form; (3) separately, enzymatic pathways are induced, causing bound breakage of polyphosphate granules; (4) inorganic phosphate ions are released, complexing (5) extracellularly and (6) intracellularly with bioavailable uranium; (7) autunite is formed intracellulary when a suitably high U-Pi complex concentration is reached.
assigned to carboxylate groups at 1400 and 1570 cm −1 decreased significantly for spectra recorded after 6 and 24 h exposure to U(VI). Furthermore, bands assigned to phosphate and/or phosphoryl groups at 1087, 1220 and 1274 cm −1 significantly increased, especially after 24 h exposure. These changes highlight the role of phosphate groups in the binding of uranium at 25 • C during longer time scales.
Discussion
In this work, we describe the interaction of the Microbacterium sp. A9 strain, isolated from a radioactive waste repository, with uranium. Here, by the use of complementary approaches, we evidenced the presence of passive and active mechanisms involved in uranium tolerance.
Resistance of Microbacterium to U(VI)
U speciation as well as U bioavailability is influenced by pH, the redox-potential, and the presence of various complexing agents. In our study, cells were exposed in a medium totally devoid of complexing agents in order to optimize U(VI) bioavailability. We demonstrated that exposure to 10 M U(VI) in this medium did not impact cell viability. Up to 30% of Microbacterium sp. A9 cells remained viable despite 24 h exposure to 50 M U(VI). Several environmental isolates affiliated with Microbacterium are reported to be resistant to numerous metal(loid) s such as, chromium, arsenic, cobalt, nickel, selenium, uranium, and zinc [12, 14, 24, 25] .
Phosphate release and its detoxification role
Polyphosphate granules are synthesized by many bacteria for both energy and phosphate storage, and can be used in defense mechanisms against metal exposure when needed (reviewed in [26] ).
Here, we observed that Pi release was temperature-dependent. At 4 • C, after an initial release upon cell exposure to the acidic saline solution, the Pi concentration remained stable. In contrast, Pi concentration increased significantly at 25 • C, demonstrating that Pi release is an active process. The efficiency of Pi release was not only temperature-dependent, but also varied according to U(VI) concentration. Pi release was slightly induced within the first 10 h when cells were exposed to 10 M U(VI). In contrast, Pi release was much more limited at 50 M U(VI). This feature could be a consequence of the toxic effect of U(VI) at 50 M, which had a noticeable effect on cell viability. Interestingly, Pi release by bacteria exposed to 10 M U(VI) occurred with the efflux of U observed 30 min after uranyl exposure, suggesting that uranyl may be released as uranyl-phosphate complexes (U-Pi). However, it is not possible to determine if these two release systems are connected. It is therefore very likely that Pi release represents an indirect protection mechanism against uranium, either by promoting U-Pi efflux or by limiting the entrance of U (once it has been extracellulary chelated by Pi).
These results are in agreement with other studies demonstrating that several bacteria species can precipitate uranium in the extracellular compartment via a phosphate release mechanism mediated by non-specific acid phosphatases, thus preventing or limiting its entrance into the cytoplasm (reviewed in [5, [27] [28] [29] [30] ). However, no U precipitates were observed by TEM in the exposure media or at the bacterial surface under our conditions. Therefore, it is more probable that the U-Pi complexes remain soluble in the exposure media.
Finally, the release of Pi appeared to be affected by the intracellular accumulation of U. Indeed, 24-hours exposure to either 10 or 50 M U(VI), conditions in which U accumulation was observed by TEM (see below), inhibited the release of Pi as compared to controls. This may be due to the total or partial inhibition of phosphatase activity by the uranyl ion [31, 32] . It is also possible that phosphate was sequestered in these cells, as part of uraniumphosphate precipitates [33] . Ray et al. [34] also observed that U minimizes the final average concentrations of Pi in solution, in a bacterial culture exposed to 100 M U(VI). We can also hypothesize that the toxicity of U led to the impairment of cellular function, which was consequently overwhelmed by this massive entrance of U.
U adsorption, accumulation and release mechanisms
In this study, we evidenced two different mechanisms involved in the removal of U(VI) by the Microbacterium sp. A9 strain. A first mechanism occurred within 30 min at both temperatures, and was considered to be metabolism-independent. Such a mechanism has already been reported for a large number of bacterial strains. It has been interpreted as adsorption of U(VI) to the bacterial surface due to electrostatic interactions between uranyl and high affinity sites of the cell envelope [8, 35] . This type of interaction is in line with the FTIR results for the Microbacterium sp. A9 strain, which show that after 30 min, U was coordinated mainly to the carboxyl and phosphoryl groups at both temperatures. In addition to this adsorption at the cell surface, a rapid metabolism-independent accumulation of U inside the cells [5] resulting from membrane permeability [7] cannot be excluded, although we could not detect U in the cells by TEM at early exposure time.
At 25 • C, immediately after U adsorption, the cells exposed to 10 M U(VI) released a fraction of the metal, possibly as a protective mechanism. Since this release was observed only at 25 • C, we propose that it involves an active mechanism, such as an export system. Metal export systems are widespread and allow bacteria to survive in metal-contaminated environments [36] . The involvement of an efflux system in the detoxification of uranium has not yet been described, although an up-regulation of genes encoding metal efflux pumps has already been reported for Desulfotomaculum reducens exposed to U(VI) in anaerobic conditions [37] . In our study, U release into the medium was only observable at the lowest exposure concentration. This suggests that exposure to higher U(VI) concentrations could either inhibit this mechanism or that massive entrance of U in the cell masks this efflux.
Finally, a temperature-dependent removal of U(VI) was observed at longer timescales for the two U(VI) exposure concentrations, with a higher removal efficiency observed at 25 • C vs. 4 • C. Furthermore, the FTIR analysis showed a clear distinction in U(VI) coordination between the two temperatures: at 25 • C phosphate groups are more and more involved as exposure time increased while at 4 • C the system remained stable. During this step of U(VI) removal, the formation of intracellular needle-like structures was observable by TEM. These structures were identified as autunite by the TRLFS analysis, which was coherent with the EDX analysis showing that U was co-localised with P and Ca. The TRLFS data demonstrated also the presence of a second U-specie identified as U(VI)-Pi complex. We cannot exclude that this species corresponds to U(VI)-ATP since they both exhibit a similar spectrum [38, 39] . Taken together, these results suggest the involvement of a metabolism-dependent mechanism in the slow removal of U(VI), leading to the intracellular accumulation of U(VI)-Pi and autunite.
Formation of autunite as a mechanism of U(VI) sequestration has been reported in bacteria isolated from diverse areas including uranium-contaminated environments, [9, 12, 40, 41] . Precipitation of autunite makes U less available for complexation with proteins [23] or biomolecules [42] , and therefore decreases its toxicity. Nedelkova et al. [12] clearly demonstrated the potential of three Microbacterium strains to immobilize a high quantity of U(VI) under aerobic conditions . These strains were able to precipitate U in the bulk phase as well as on the cell surface at pH 4.5 via the formation of a meta-autunite-like phase when exposed to 500 M U(VI). We obtained comparable results with the Microbacterium sp. A9 strain, which also demonstrated a high potential for U(VI) removal. One striking difference with our study, however, was the localisation of U(VI) inside the cell. It is possible that this resulted from the difference in U concentration and speciation, since in our study U(VI) was under its most bioavailable form. The ability of Microbacterium species to simultaneously tolerate high U(VI) exposure and accumulate it as autunite is remarkable. Indeed, our results imply that members of this genus could participate in the efficient immobilization and extraction of this heavy metal from soils. Since autunite is identified in contaminated sediments as the mineral phase controlling the long-term behavior of U due to its stability over time [43] , intracellular accumulation of U as autunite mineral could thus be a promising strategy for treatment and clean-up of U-contaminated sub-surfaces.
Conclusions and perspectives
Our data reveal that the Microbacterium sp. A9 strain, isolated from trench T22 at the Chernobyl waste repository, exhibits a high capacity of survival and resistance to U(VI) based on various detoxification mechanisms. Comparing data obtained at two temperatures and using experimental conditions where up to 100% cell viability was maintained have enabled the first-ever discrimination between active and passive mechanisms of U(VI) removal and the identification of an active release process. Three such mechanisms have been identified, all of which involve phosphate. The first one mediates phosphate release in the exposure media, which may complex with uranium to prevent its further entrance into the cells. The second one mediates the efflux of U from the bacteria and is only visible when bacteria are exposed to low U concentration. The efflux of U accompanies the release of phosphate, which may suggest that these mechanisms are linked together. The third detoxification mechanism is involved in precipitating accumulated uranium intracellularly as autunite. Based on these results, we propose a model of U-bacteria interactions (Fig. 7) .
This study highlights the potential use of the Microbacterium genus for bioremediation. To validate the use of these bacteria in the clean-up of U-contaminated sub-surfaces, future research should be directed at investigating the behavior of these bacteria in situ, and determining the immobilization capacity of U in soils. Although we have proposed an interaction mechanism between U and bacteria that incorporates our combined results, these mechanisms are far from being completely understood. Therefore, elucidating these efflux and detoxification mechanisms should be made a research priority in this field.
